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- THE PROBLEM OF THERMAL-EXPANSION STRESSES
1IN RBINFOROED PLASTICS

By P. 8. Turner
SUMMARY

Fallure of adhesive bonds ie attriduted to boundary
stress conoentrations. An anelysie of the causes of in-
ternal-astress ooncentrations in rigld adhesive layers
leade to the conclusion that stress conoentrations can be
eliminated in many oases by matchihg the coefficients of
thermal expansion of the component parts. A stress-equl-
1idrium formula for caloulating the thermal-expanslon co-
effliolents of mixtures liznvolves the density, modulus of
elasticlty, coefflolent of thermal expansion, and propor-
tion by welght of the ingredients. 1Illustratione of the
application of the formula derived inolude lead-antimony
and beryllium-alumlnum mixtures, phenol-~formaldehyde resin
and glass~fiber mixturse, and plastic plywoods. The ther-
mal-expansion coefficlente of a number of pure and rein-
foroed plastics are reported. Bonds obtained when thermal
ooefficlents are matched are stable over a wlde tempera-
ture range.

I. MECHANICS OF ADHESIVES

This report desoribes a method of compounding a plas-
tio or other mixture or compositions to provide a materilal
having a predetermined desired coeffioient of thermal ex-
ranelion. In the preparation of plastics heretofore it has
been found practically impoesible to produoce a satisfactory
bond between a plastio and a metal facing or other metal
reinforcement. Thie 1s dque for the most part to the 4if-
ference 1n coefficients of expansion of tne materials; the
Plastios have relatively high coeffloiente of expansion as
compared with those of metals, Because of the differential
expansion, forees .created npon changes in temperature have
been such as to prevent a satiefactory bond being obtalned
between metals and plastics except where plastics of a



flexible rubber-likes, or gummy type are used. Even in

thew bonding of folls of tin, lead, aluminum, etc., to card-
board or paper for contalners, gummy or tacky plastlcs

only have been used. )

The problem of obtaining bonds between plastics or
other adhegives and varlous materlals 1g considered as
being eubetantially the same problem &s that of removing
or eliminating concentrated etresses at the boundaries.

If internal-strees concentrations can be removed, the full
strength of the adhesive can be developed t0 resist ex-
ternal loads.

Bonde produced by adhesives can be divided into two
general claeaes: the rudhery or ylelding bond and the
rigld bond. In the firet category are found moet thermo-~
Plastic cements, rubber cemente, and combinations of thin
rubber layers and cements., Adheslves of thle class have
been found to provide durable bonda between digsimilar
materlales at moderate temperatures. The rigid or high
modulue bond hae generally been found unsatisfactory for
such applications, A pogsible exceptlion is found in the
use of cold-~setting cements of the phenol~formaldehyde
and urea-~formaldehyde types. The advantages of the first
class over the seoond diasappear at reduced temperatures
where the adhegive loses 1te abllity to eliminate stress
concentrations by ylelding with the dimenslional changes
of the materials bonded. The rigid bond 1s esuperior for
many purposes to the yisldingz bond, if it can be obtained,
because 1t producee a stronger and leeg-yielding product.
JTor composite etructural materiale subjected to extreme
temperature changes a stable rigid bond ie imperative.

In attempting to bond various materials together, 1t
has been found that materiale having widely different co-
efficlents of expansion cannot be bonded with any rigild
cement avallable. Certain thermoplastic adheslves pro-
duce satiefactory bonds at ordinary temperatures, but fall
at low temperaturees when the bond becomes rigid and 1s no
longer able to yleld to changes in dimension of the mate-
riale bonded. Oertain rubber cements fall into the clasel-
fication of bonde which are soft enongh- to yleld with
changes in dimensions. These yilelding bonds, however, do
not produce the rigidity required for strustural applica-
tions and fall at low temperatures for the same reason
that rigld vlastic bonds fall at ordinary temperatures;
namely, difference in rates of expansion and contraction
with changes in temperature,




These failures are caused dy stresses resulting from
differential expansion or contrsotion. These forces can
be reduced by one or more of the following factors.

Bffect of Various FTactors on Bond Strengths

An analyeie of the factors responsible for the pro-
duction of stress concentrations in a rigid bond must in-
clude the following:

(1) The thickness 0f the materials bonded
(2) The thicknees of the adhesive layer
(3) The modulus of elasticity of all components

(4) Ohanges in dimensions with changes in moisture
content for all materials

(6) Changes in temperature to be encountered in
service )

(6) Goefficients of linear thermal expansion of all
materials

Thicknees of materials bondei.~ It 18 evident that
1f the thicknese of the materisles bonded approaches zero,
stresses set up by any other combination of factors must
approach zero also. Accordingly, it has been found poa-
sible to bond thin metal foils to other materials. A
method of eliminating stresses by this means would, how-
ever, have very limited practical application. This
stress~reducling factor ie utilized in the production of
mechanical mixturees of materials of microscopic size or
in the form of fine flilaments, which are incompatidle on
a larger scale.

Thicknees of adhesive.~ In bdonding two pieces of the
same materisl the stresses set up in the bdond as the re-
sult of restrained dimensional changee in the bonding ma-
terial would be proportional to the thickness of the dond.
It has long been recognized that thin adhesive layers pro-
duce stronger bonds than thicker ones. .

Modulue of elasticity.- If the modulus of elasticity

of any one of two adjacent materials is zero, the stresses
get up between them must be zero. This 18 essentially




aohlieved by bonds whioh yleld readily and offer little
resistance to statio loads whether produced intermally or
externally. '

Molisture content.~ The problem of bonding materials

having different dimensional stability with ohanges in
relative humidity cen be reduced, 1f not eliminated, 1f
the surface of the oombination 1s impervious to moleture,
At the time of bonding or at the end of the bonding op-
eration the material or materiasls senslitive to changes in
humidity oan be made to contain the normal amount of water
present under average oonditions. No completely satisfac-
tory solution to this aspeot of bonding has been found.

Temperature.- Changes in temperature oannot be elinm~-

inated in any practioal applioation. XFor oold-setting
phenol~-formaldehyde and urea-~formaldehyde oements the ef-
feot of temperature changes 1s minimized by bonding at
temperatures 0lose to those enoountered in servioe,

Thermal expansgiop.~ From the standpoint of the ther-
mal stresses produoced, the problem of bdPonding two differ-
ent materials becomes identical with the problem of dond-
ing two pleoces of the same material provided the ooeffi-
¢lents of thermal expanglon 6f the two materials are the
same. A further redunotion i3 stresees ocan be aohieved 1if
the bonding agent has the game ocoeffiolent of thermal ex-
pansion as the materials bonded. A bond bPetween materlals
having different coefficlents of expansion would have to
withstand the shear stresses produced by the differentilal
expangsion or oontraotion experienced within the range of
temperatures enoountered. Bonde can sometimee be main-
tained 1f the materials bonded are thin enough to permit
the relief of etresses by bending or warping, either of
whioh 1s undesirable, The bonding strength exhidited dy
a partioular adhesive i1g the additional load whioh, added
to the internal concentrated stresses, is sufficlent %o
disrupt the material. In some oases this additional lo0ad
is zerp and the materials are sald not to dond.

The logioal conclusion to be drawn from the foregoing
discussion is that stadble rigid dbonds are possidble over.a
wide range of temperatures i1f the thermal-expansion coeffi-
olents of the oomponent parts are matohed. An example of
the resulte to be expected is furnished by the combination
of conorete and steel whioh individually have praotioally
equal ooeffiolents of thermal expansion and oontraotion,



It 1s noted that oertain proportions of cement, sand, and
gtone produoe optimum results.

‘Various methods have-been used -in other flelds to
predetermine the thermal-expansion ooceffiolents of mix~
tures, suoh as alloys, glasses, eto, Some of these meth-
ods appear to work satisfaotorily in limited applioations.
¥otable among these are welghted averagos based on the
thermal -expansion ooefficlents of the oomponents and their
proportions elther by weight or by volume. These methods
do not, however, give satisfaotory results for plastio
compositions.

II. DBVELOPMENT OF A FORMULA FOR OALOCULATIKG
OORFFICIBNTS OF THERMAL DXPANSION OF NIXTURES

If 1t 18 considered that an internal stress system
exists in a mixture suoh that the strcsses are nowhere
sufflolent to disrupt the material, the sum 0f the inter-
nal foroes oan be equated to zero and an expression for
the thermal ~expansion ooceffiolent of the mixture is obd-
talned., When small partioles or fine filamants are in-
corporated into a mixture, the small dimenslons appear
to permit oombinationes of materials which would be inoom-
Patible on a larger scale.

The derivation of the resulting volume thermal ooef-
ficlent of a mixture follows:

& _ocoefficient of linear thermal expansion
cosffloient of oubioal thermal expansion
bulk modulus = 1/bulk oompressibility

density

volume

g

K

d

P fraction or peroent by welght

v

AT temperature differenée Cee
8

stress



Subscripts:
n property of nth element
r resulting property
" If it 1o assumed that each element in the mixture is
congtrained to change dimensions at the same rate as the

aggregante, the stress set-up in the individual particles
will be:

S, = (Bp - By) AT VK

since 8§ = strain per unit volume X volume X bulk modulus.
But
Z(s, + 55 + ..... 8) = 0 = (B, - B;) AT (V,K;)

+ (By - B3) AT (V3Kjy)

+ -----(B} - Bn) AT (ynxn)

Since

Z(V, + Vg + oo V) =V, V, = __Ez_x

which can be substituted: for Vn in the above expression.

Also, since AT, dr'

can be eliminated from each term of the expression.
Solving for ¢, the following expression is obtained.

and .Vr are common factors, they

BIPIKI + SBPBKE + Bnann
d1 da ® o ® o 8 dn
By = P E
1Ky N aKa . Pnkp

d1 da e o5 o dn



Y LRI

Sinoe the coefficlioent of linear thermal expansion is
"‘dlrectly .proportional to the cubloal ococefficlent, a can
be substituted wherever § appears with the following

result: - - - ) _ _ .

@ Py Ky +-“3Paxa . fppnxn
Qp = % - ?a "= ST (1)
- - .- PIII + Pska + ... ann‘ .
' T dy dz C a,

It 1 app;rent:by inspection that equation (1) based

~ O6n stress equilibrium reduces Y0 a peroentage dy volume

oalculation if the ingredients kave the same bulk moduli.
If the ingredlente have the same modulus to velght ratlos,
the oalcnulation amounts to a peroentage by weight inter-
polation, ;

Equation (1) has been verified with experimental
valuee of several metallic mixtures. The thermal coeffi-
olents oalculated acaording to eguation (1) for several
mixtures of lead and antimony and of beryllium* and alu-
-mlnum are compared with the measured values in figures 1

. and 2,

IiI. APPLICATIONS TO PLASTIC COMPOSITIONS

In studies of the physical properties of reinforced
Plastlos 1t has been fourd that the strongest materlials
wers produced by oriented fiberes in thermosetting reslns,

*Mixtures of Be and 4l - apparently form a mixture but

no value for the bulk modulus or bulk compreeeibllity was
available, From the thermal coeffioient, .17.8 x 107¢/90,
of a known mixture containing 32.7 perceat Be and 66.3
peroent Al, and with reported denelties and thermal ooef-
ficlents of the ingrédlienta, the bulk modulus of Be vas
oaloulated from equation (1) to be 165.2 X 10® 1b/sq im.
Using this value the thermal ococefficlents of other mixtures
of Be . and-. Al -were -calculated with ths results snown

in fig. 2 in cdomparison with the reported values.



The material fabricated in this manner le essentially non-
isotroplec in all of 1te properties and has different co-
efflclients of expansion depending on the direction of the
fibers in the test specimen. Materials having 1gotropie
properties can be obtained by random distridbution or by
Planned orlientation., Solutlions for any property muset

take into conslderation the orlentation of the filler as
well as the percentage composition.

The derivation of the relationships involved follows
the same line of reasonlng used for the bulk determinatlon,
Conslder a bar made of filaments of ons or more types of
matesrial bound together by a resin binder. If this bar
1s heated, each of the elemente would expand a certaln.
amount 1f not constrained. 8ince the comblnation has 1ts
owvn rate of expansilon different from that of any of the
elements, a certain force would be required to defornm
each elemsnt to the equilibrium length of the composite
material. Thie force in esch case would depend on the
crogs—-gectional area of the materlial, the dletance it 1s
deformed from i1ts normal length, and 1ts modulus of elas-
ticlity. The external resultant of the sum of these forces
mugt be zero,.

Letting A, equal the area of the element in a plane

normal to the axle of the bar with the other symbole re-
presentlng the other quantities as in ths bulk determina-
tion (equation (1)), except that Young's modulus (E) re-
places the bulk modulus, it 18 then posslble to write:

(ap ~-ay) AT (B,4;) + (a, -~ az) AT (EzA3)

# oo (ap - ap) AT (DgA,) = O

But

APpdy

a = T

Therefore the expression for the linear thermal coef-
ficlent of the mixture under stress-equilibrium conditions
is obtained:




GIPIII GaPana a.nPnln
dl da e 4§ 6 » a dn i
) ‘&, = ' (2
%z Pa3;  Paly P, B, )
2, ds P Ta,

The use of Young's modulus is necessary for oalculat-
ing the coefficientes of nonisotropic mixtures., The result
Obtained may be somewvhat erroneous because the lanteral
deformation 1s neglected, .

Application to a Mixture of Polystyrene
and Aluminum Oxide

The applicability of the formula is illustrated by
the behavior of brass inserts in a mixture of styrene
resin with fused aluminum-oxide powder. Brase inserts in
ordinery polystyrene cause the polystyrene to crack bé-
cause 0f the different coefficients 0of thermsl expansion,
The coefficient of linear thermal expansion of polystyrene
is approximately 70 x 10°%/°C, that of brass is approxi-
mately 17 x 10-6/0C,

Fused aluminum oxide was chosen for uce in the mix-
ture because it has a low coefficient of linear thermal
expangion (8,7 x 107%/9) and a high modulus of elasticity
compared to its density. Ite cholce for use with poly~
styrene was also determined in part by 1te desirable elec-
trioal properties. There was no appreciable change in
the excellent electrical resistance of polystyrene when
the maluminum-oxide filler was added. The data in table I
for 'the coefficientes of linear thermal expansion of mix-
tures of polystyrene and fused sluminum oxide, calculated
according to the stress~equilibrium formula, show that
approximately 90 percent of polystyrene and 10 percent of
aluminum oxide would be required to match the cosfficient
of linear thermal expansion of brass., Since the o0oeffi-
Oient of the particular brass used was not accurately
known, and sinoe it was tiought better to err on the low
side, ‘1l percent of aluminum oxide was used.

In figure 3, curve F represents the values of the 60~
efficlent of linear thermal expansion of mixtures of poly~
styrene and fused aluminum oxide caloulated on a percent-
age by volume basis; ourve G, on a percentage by weight
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basie; and curve H, by the stress-equilidrium formula
(equation (3)). While the thermal coefficient of a mix~
ture of 89 percent of polystyrene and 11 percent of fused
aluminum oxide has not been measured, pleces molded with
brase ingerts show a radical difference between the bve-
havior of pure polystyrene and ths filled material, Anal-
yele with polarized light indicates that there are stresses
in the pure polystyrene conoentrated at the boundaries bde-
tveen the bPrass and polystyrene, and these are sufficient
to rupture the polystyrene. With 11 percent of fused
aluminum-oxide filler no suoh stress concentrations ocour
and there 18 no evidenoe that the filled styrene has frao-
tured. The brass wes sufficlently well bonded to the
polystyrene mixture to permit sawing and maohining of the
composite material,

The conventional methods of ¢alculation wauld yield
for this composition a value of 63 x 1072 /90 for the oo-
effliolent of linear thermal expansion on a percentage by
welght basie, whloh would indioaste that the material
should behave very nearly the same as the pure poly-
styrene. The behavior of the material, however, indioates
that its coefficient 18 close to that of brass, which
value was used to predetermine the oomposition by the use
of the stress~equilibrium formula.

Application to Oompositions for Filling
Bivet Depressions

RBivet fillers for aluminum, used to cover depressions
caused by riveting, have been tested by exposure to
WVashington weather for 1 year. An enligma developed when
i1t was found that the composition having the best general
veathering characteristios did not stand up the best in
this applioation. The oalculated values for ooefficlents
of linear thermal expansion of the various oompositions
are as follows:

Calculated
Material cocefficlent
(1) Oellulose nitrate + 26 percent
aluminum pigment 44.2 x 107%/%
(2) Oellulose acetate butyrate + - 10
: 26 percent aluminum pigment 46,2 x 107°/%
(3) Vinylite A + 30 peroent ‘30,6 x 1078/%

aluminum pigment
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Since the ccefficient of linear thermal expansion of alum-
inum 1s 24 X 10°%/%C, the results are easily explained on
the basis that oomposition (3), vhich happened to come

-olosest tc the cocefficient of aluminum, gave the best bond.

Inasnmuch as the loweet coefficient obtainable with
alunminum pigment is 24 X 10™%/°0 for 100-percent pigment,
it beoomes necessary to add another ingredient with a oo-
efficlient below aluminum to the plastic in order to ob-
tain matohed thermasl cocefficlents. The following propor-
tiong were oaloulated for cellulcge-plastio ocompositions
to reascnably matoh elunminum:

Oellulose nitrate or cellulose

acetate butyrats 66 percent
Aluminum plgment . ) 30 percent
Fused aluminum oxide 14 percent

Similarly, ths following proportions were oalculated for
a vinyl-acetate resin compositicn toc match its ccefficient
of linear thermal expansicn with that of aluminum:

Vinylite A resin 74,6 percent
Aluminum pigment 20,0 percent
Fused aluminum oxide 6.4 percent

Application tc Mixtures of Phenol-Formaldehyde
Regin and Glass Fibers
Approximate values for the properties of glase and
rhencl-formaldehyde resin required for use in the stre551
equilibrium formula are as follows:

Young!s mcdulus of elasticlity

For glass 11 x 108 1b/sq in.
For phenclio resin 1 x 10° 1b/sq 1in.

Coefficient of linear thermal expansion

" ¥or glass 7.44 X 10::/3
For phenolio resin 69 x 107%/%0
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Density (g/&c)

For glass ' 2.66
For phenolic resin 1.30

In order to simplify the calculation of the coefficients

of linear thermal expansion of mixturee of these materials,
equation (2) can be written in a form oonsolidating the
physical oonstantsa: .

a Py + agPg """ + a P,
%r T B,P, + byPy -t + b P

(3)'

where a and b are constants for specifio materials for
a specific temperature range. The approximate values for
these oonstants for the phenol-~formaldehyde resin and
glass caloulated from the physioal constants listed above
are:

Glass FPhenol~formaldeuyde resin
a 29.1 46.4
b x 108 3.91 .77

In figure 4, ourve I repreesents a percentage by
welght interpolation for the glass-~resin mixtures; ourve
J 18 oaloulated by the stress-equilibrium formula. Meas-
ured values of the coefficients of linear thermal expan-
slon of two oompositions shown in table II are plotted
aocording to the percentage of the resin in-the mixture.
These samples contalned approximately 4 percent of starch
which was neglected in caleculating curve J. The theoret-
ioal coefficlents for the compositions oontalning starch
were not caloulated beoause the required physical con-
stants are not known. The experimental points fall much
¢loser to the curve J oalculated by the formula than to
curve I, The curve on a percentage by weight basies would
be similar to ourve F in figure 3 and would be still fur-
ther from predictirg the actual result.

The addition of metul faces to reinforced plastios
may be desired in order to take adventage of the high-mod-
ulus properties of metale, as in an I beam, or to obtain
a faoing impermeable to moisture. To do this effectively
it would be necessary to have matched thermal-expansion
coeffliolents in order to insure satisfaotory bonds. To
calculate the mixture of glass fiber and phenrolic resin
required to match aluminum alloy 24S, whose ooefficlient
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of linear ‘thermal expansion is 23 x 107°/90, let «, 1in

.equution (3) equal this latter value and solve for the
percentage of glaes. thue

29.1P, + 46.4 (1oo-rg)

23 x 10°° « > X 1076
- 8.91P, + 0,77 (100-Pg). e

The ‘'required percentage of glaes is found to0 be 31.3,

The indicated glass content 1s seen to be a little
-higher than was present in the panels prepared with glass-
fiber mat, phenolic resin, and etarch, whose thermal-ex-~

paneion coefficients ares reported in table IV. Thess.
pednels were fabricated between aluminum-alloy-248 faces.
It was found possible to remove the metal face without
seriously damaging it or the core material. The metal
fages could not be removed from several other pansls, hav-
ing compositions closer to that calculated, without tear-
ing the metal, shearing the metal at the bond, or ruptur-~
ing the core.

The starch was added to these compositions in order
to absorb the water rresent in the ingredients or released
by the resin during curing., It has been found diffiocult
or impossible to produce plastic compositions with phe-
nolic~thermosetting resins at low pressures unlees some
vater-abgorbent material ies present. Some of thess glass~
fiber panels were bonded at pressures as low as 50 pounds
Per square ingh,

IV, DETEHRMINATION OF COBFFICIENTS OF

THERMAL BXPANSION OF PLASTIOS

- In the early stages of the investigation an estimate
of the coeffigcient of thermal expansion of the reain-
bonded materials was obtained by the following method,
Composite strips of one layer of metal and one of a fl-~
brous material impregnated with the resin 1n varying pro-
portions was pressed flat and cured at 160° C., The
strips were then permitted to cool to roam temperature.
If the composite strip remained straight when cooled, 1t
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was considered that the thermal expansion of the plastic
composition matched the metal, As the investigation pro-
ceeded, quantitative data for the coefficients of linear
expansion of the resing wers required,

The equipment used for this purpose consisted of two
telesooping fused-gquertsz tubes, the inner tudbe being
phorter than the outer end reeting on the specimen. The
expansion was measured by a dial goge, graduated to 0,0001
inoh, and fastened to the outer quartz tube with the meas-
uring foot resting on the inner quartz tube whioh in turn
rested on the specimen. The temperature of the specimen
wvas varlied by immersing the quartz tubes oontalning the
gpecimen in a water or an oll bath, heated with a hot
plate, so that the rate of temperature rise of the bdath
was approximately 1° © per minute., The temperature of the

specimen was measured by means of a potentiometer con-
nected wilith a copper-constantan thermocouple, which was
attaohed to the oenter of the specimen. BSimultancous
measurements of temperature and extension were obtained by
setting the potentiometer at predetermined points and re-
cording' the extension when no deflection was produoed by
opening or olosing the cirouit. The ooeffiecient of linear
expansion of the specimen was caloulated from the tempera-
ture-extension curves. The results thus obtained were cor-
rected for the expanslion of the fused-quartz tubes by
adding the ooefficient of linear thermal expansion of
fused quartz, 0,6 x 107°%/°0, While this relatively rapid
method does not insure a uniform temperature throughout
the specimen, 1%t presents a better picture of the changes
taking plaoe in the specimen which might be masked by
changes in water content and by plastic flow at elevated
temperatures, both of which would aprpreolably affect the
results i1f the time of heating the specimen was prolonged.
The stress on the specimen applied by the inner quarts
tube and the micrometer foot did not exceed 10 pounds per
square inoh.

The specimen used for thermal-coefficient measure-
ments was a bar 6% to 7% 4inohes long and about 1/2 inch
wide. The thickness was that of the sheet from which the
specimen was cut. Specimens for determination of the
properties 0f both pure phenolic resin (Durez 120) and
compositions of this resin oontaining filler were molded
in the laboratory at 150° C and 1000-pounds-per-square-
inch pressure. The length of the speclmen was measured
at room temperature to the nearest 0,01 inch with a steel
scale. The specimens were rounded on the ends in order
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to obtain definite oontaot between the specimen and the
apparatus over a small area., The positipon of the speocl-~-
men with respeot to the guartz tubes was malntained by
vasherg near the ends of the speolmen whioh ocame in oon-
taot with the sides of the tubes but offered no appreo-
lable resistance to vertical motion of the speoimen.

Mensurements of the ooeffiolent of linear expansion
of an alloy using the method desoribed above are oompared
.in table III with preolsion measurements on a duplioate
sample. The reesults are not strictly dompsrable sinoe
the ooeffiolent of linear expansion of the sample ohanges
slightly with the heat treatment oocurring during measure-
ment. Because the time reguired to make the measurements
differs in the two methods, the amount of annealling that
has ooourred between messurements is different. The re-
sults, however, are essentially the same and indloate
that the method employed for the experimental work de-
soribed in this paper 1s quite reliable,

Faotors Affeoting Thermal-Oocefficilent
Heasurements of Plastics

Before -oonsidering the actual measurements, some of
the factors peculiarly affecting the thermal expansion
and related properties of plastios should be disoussed,
Organio plastio oompositions, or water-absorbent mate-
rials, in general, in addition to the basio constituents,
oontain a ocertaln amount of water which apparently acts
the same as anh additional so0lid in the oomposition, A
great deal of the variation in the ‘reported values for
the linear thermel expansion of wood is undoubtedly re-
lated to differenoes in the water oontent of the wood at"
the time of testing:; In order to minimlze such effeots
all speoimens testad in this investigation were inltially
oonditioned at 26° O ahd 650~psroent relative humidity,
wvhioh is represeitative of normal oonditions.

The modulus of plastios varies oonsiderably with
ohange 1n temperature. particularly near the softening
point. The range of temperature to whioh the reported
values apply was ohosen in eaoh case to avold large
ohanges 1n water oontent and to avoild softering points.
Baoh of these effeots_is indioated by breaks in tempera~
ture~-extension and ezteneion-time ourves, Near the
softening point of pure plastice the molding strains are
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relieved and dimensional changes occur whioch depend on the
method of manufacture. These ochanges correspond to the
dimensional changes encountered on aging. Reinforced or
laminated materiale also show changes in dimensions in-
volving the relief of the thermal strosses set up by the
differential coefficlents of expansion of the resin and
reinforcing medium. Prolonged heating at elevated temper-
atures causes shrinkage by the removal of water from the
mixture. The relief of molding stresses seems to be per-
manent, the removal of weter reversible.

Results of Thermal-Expansion
Meagurements for Plastlos

Bepresentative measurements of_thermallexpansion co-
efflcients of plastioc materlials for various temperature
ranges are presgsented in table IV, A typlocal thermal-ex-
panslon curve for pure molded phenolic resin 1s shown 1in
figure 6.

Micronex or carbon black is frequently added to plas=-
tloc compositions as a filler, It 1g therefore interesting
to note that the addition of 10 percent of thls material
to phenol~formaldehyde resin reduced the thermal coeffi-
clent of the mixture approximately 20 percent. (See table
IV,) 7¥rom published values for the density and thermal-
expansion coefficlent of carbon black together with the
measured properties of the pure phenolic resin, the bdulk
modulus of carbon black was caloculated to be approximately
3 x 10° pounds per square inch.

Lignin resin is used in a number af applications in
conjunction with phenolic resins, Here it 1s treated as
a filler. Two effeots are to be noted: first, that the
product does not become stable until it has been heated a
considerable length of time beyond the time required to
cure the phenolic¢ resin; and second, that the lignin 1ini-
tially lnoreases the coefflclent of the mixture bdbut after
heating finally decreases it by a small amount,

The effect of the walnut-shell flour is seimilar to
that of the lignin resin. The manufacturere of this ma-
terial state that it contains a large proportion of lignin.
One of the uses of this material 1s as an extender for
prlyvwood adhesives,
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. The behavior of filled phenol-formaldehyde resin con-
taining 25. peroont of glase fiber, 71 percent of phenrolic
regin, amnd 4 peroent of staroh, is 1llustrated by the
ourves for mixtures of glase fibers and phenolic resin
shown in figure 6. Curvee L and O are for pure phenol-
formaldehyde resin and glass fibers, respeotively. Curve
N was obtained on tha firet heating oycle. The form of
the ourve above 70° 0. 1s affected by plastio flow, relief
of molding strains, and further ouring of the resin. The
welght of -the inner fused~gquartz tube and the pressure of
the miorometer foot contribute some of the foroe Broduo—
ing plaetio flow. The shrinkage indioated at 100” O on

‘ourve N took plaocoe over‘a perilod of 6 hours,during whioh

time the temperature'was maintained constant. The rate
of shrinkagé was initlally rapld but reaohed a steady
value ‘after about 4 -hours.  After ocooling the sanmple
slowly and then reheating to 100° C the same steady rate
of ghrinkage was resumed for 4 additlonal hours, after
vhich the epeoimen was alowly oooled to room temperature.
The total shrinkage amounted to 0.6 percent. Curve M of

" flgure 6 ie the thermal-expanselon ocurve for thle annealed

specimen.

The transparent materiale for whioh data are given
in table IV have been used or proposed for use as alr-
plane windshields. The temparature-defleotlion ourves 1in
eaoh case varled from a smooth curve on the first heatling

. oyole between 50° gand 100° 0. The ourve for the Columbila

Resin 39 gample (fig. 7, curve P) showed a decrease in
expansion in thie range followed by a resumptlon of the
upward trend. No such break ocourred in the cooling

ourve (fig. 7, ourve Q) or in the curve obtained when the
sample was heated a seoond time (fig. 7, aurve R), al~
though the temperature was ralsed above 110° o. The san-
Ple wae permanently shortened during the first heating to
the extent of 0.5 peroent. The specimen at the same time
inoreased in thickness. The curve for methyl-methacrylate
reein (fig, 8, ourve 8) for the range 50° to 100° O showed
an inorease 1n expansion followed by a deorease, Agaln
the break did not ooour in the ocooling ourve (fig. 8,
ourve T). The changes were too small to be measured
glgnifioantly with a steel soale 80 a oheok was run on
gmaller speoimens whioh wore heated in an over at 80° O
for- 18 hours,.,” The indloated thange was verifled by an
inorease in dimensione in the plane of the sheet and a
decrease .1n thigkness, This 1s in agreement with observed
dimenelonal changes on aging. MNethyl-methacrylate resin
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is one of the best available materials from the standpoint
of freedom from crazing, unless subjected to strain, and
dimensional stability. The surfaces of both materials
appeared to be unaffected by the treatment.

The Pregwood samples listed in table IV were submit~
ted by the Formica Insulation Company and were cut from
the seme sheels as the test specimens reported upon in
NACA Advance Restricted Report of July 1941, entitled
"Properties of Reinforced Plastics and Plastic Plywoods."
The modulus data reported at that time for parallel—ply
material may be used with the measured thermal coeffi-~
cients to calculate the thermal coefficients of the cross-
ply material. The modulus of the cross-ply material may
also be calculated as 3 composite column using the date
for the parallel-ply materials. It is assumed, perhaps
erroneously, that the "high" and "low" resin dssignations
indicate definite resin contentis. The calculated and ob-
served values for the several properties are shown in
table V. ' .

CONCLUSIONS

The implications of the concept and methods of anal-
¥ysis touched dbriefly in the preceding pages are too nu-
merous to be adequately treated in so short a space,.
Special applications have been mentioned throughout the
paper., Some general conclusions are presented in the fol-

lowing paragraphs. . ‘

Stable bonds are possible between large sections if
the thermal coefficients of the component parts are
matched, The Dbond under such conditions is not affected
by extreme temperature changes.

The method of computing the thermal coefficients of
mixtures. is applicable to mixtures in general and partic~
ularly applicable to problems in reinforced plastics.

Since the magnitude of the stresses distributed
throughout the mixture are proportional to the size of the
elements, the ultimate strength of the material and its
fatigue limits should be raised by reducing particle sizse,
Specifically, the strength of plywood should be lncreased
by the use of thin wveneers, A4t the temperature of fabri-.
cation the effect of particle size should reach a minimum,
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It is possible to formulate pigmented protective
coatings which wilil have iaproved adhesion to the coated
materials by the use of the thermal-ccefficient formula,
The thermal-coefficient method described in this paper
ofiers a rapid and reliable means of obiaiaing the basic
physical data needed for use in the ealculaticns. With
such information the proper ocombinatlon oFf materials can
be calculated to0 yield a film matching the base material
with respect t0 coefficlent of thermal expansion,

National Bureau of Standards,
Washington, D. C.
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CALCULATED COEFFICIENTS OF LINEAR THERMAL EXPANSION OF

MIXTURES OF POLYSTYRENE AND FUSED ALUMINUM OXIDE

Calculated coefficient of
Composition of mixture linear thermal expansion
l?used _ By stress equi-| By rule of
aluminum lidrium formula| mixtures on
P ?
oxide olystyrene | (o ation (2)) |percentage by
(A1,04) —e volume basis
(percent) (percent) (x 10 7/°%¢c) (x 107%/°¢)
100 0] 8.7 8.7
75 25 9,0 41,7
50 50 9.6 56.3
25 75 11,7 64.7
20 80 12.5 65.9
9.7 90,3 17 68.2
5 95 23.2 69.1
0] 100 70 70
TABLE 11I

COEFFICIENTS OF LINEAR THERMAL EXPANSION OF MIXTURES

OF GLASS FIBERS,

PHENOLIC RESIN, AND STARCH

Coefficient of linear

Composition of mixture thermal expansion
Phenol- Calculated
Glass formaldehyde by stress
fider resin Starch equilibrium Measured
(Bakelite formula
XC-11749) (equation (2))
(percent )| (percent) (percent)| (x 107%/%) |(x 107%/%¢)
100 (o T .44 |emmmme—aaa
50 50  jememee-—a 14,2 feemmmeee—a
25.2 70.8 4  Jemmmmmee e 26.0
25 75 | eeeeee-a- 23.6 = |m=m--=eaa-
22,2 73.8 4 | eemmemmme - 29.9
10 90 @ |e-ee----- 37.4  |e----eee--
0 100 feeeeo---o X J (PSP
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TABLE III
COMPARISON OF PRECISION METHOD AND RAPID METHOD OF

MEASURING COEFFICIENTS OF LINEAR THERMAL EXPANSION

’

Temperature Average coefficients of linear thermal expansion
range Precision method® Rapid method

First test |Repeat test | First test |Repeat test

(°c) (x 107%/%c)|(x 10"€/0°Cc) | (x 10™8/0°¢)|(x 10™5/°C)
20 to 60 17,7 17.8 17,56 17.2
60 to 100 18.6 18,3 17.9 18.7
100 to 150 18,3 18.5 18.4 19,0
150 t0 200 | ccmcmcuon 18.7 19.0 19.3
20 to 100 18.1 18,0 17.7 17.9
20 to 150 18.2 18.2 18.0 ) 18,3
20 to 200 |—-emccm-o 18.4 18.3 18.6

aData supplied by Division II-6. The cooperation of P,
Hidnert in supplying this information and other data
represented graphically in figs. 1 and 2 is gratefully
acknowledged.
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TABLE 1V
MEASURED COEFFICIENTS OF LINEAR THERMAL

EXPANSION FOR VARIOUS PLASTICS

Linear thermal
Material? Range expansion
coefficient

(°c) (x 107%/°)

Pure phenolic resin (Durez No. 120) . .} 20-100} 58.5 - 58.9

20- 50 49,7
20~ 30 50.2
Durez No, 120, 10% Micronex carbon . .| 20-100| 45.7 - 47.4
20-100 44,9
Durez No. 120, 41% reagent—-quality
aluminum oxide . . . . . . . . . . .| 20~ 50 34,7
Durez No. 120, 10% lignin resin (First
heating) . . . . . . . . . . . . . .| 20~ 53 47.9
53--100 78.8
- 20-100 62.8
Durez No, 120, 10% lignin resin
(Second heating) . . . . . . . . . . .| 20-100 54.7
Durez No, 120, 10% lignin resin 20-100 54.1
(Third heating) . . . . . . . . . . .| 20~ 53 47,2
53-100 59,9
Durez No, 120, 10% wvalnut~shell-flour
filler (First heating) . . . . . . .}20- 49 43.8
49-100 68.0
20-100 59,2
Durez No, 120, 10% walnut-shell-flour
filler (Second heating) . . . . . .| 20— 49 45,7
49-100 58.8
20-100 54.1

Glass Mat 25%, Bakelite X0-11749
phenolic resin 71%, starch 4%
(Pirst heating) . . . . . . . . . . .| 20~ 65 29.9
(Third heating) . . . . . . . . . . .| 20~ 865 29,3

Glass Mat 28%, Bakelite XC-11749 68%

starch 4% . . . . . . . . . . . . .|/20-70 26,0
Glass Cloth 44%, Durez No. 120 39%,
starch 17% . . ... .. .l 20- 70 17.8
Columbia resin No., 39
(First heating) . . . . . . . . . . .|10- 50 103,.3
(second heating) . . . . . . . . . .|20- 50 105.8
DOummee d0.oou- . . . . « « . .|20-100 124.7

Methyl-methacrylate resin . . . . . . .[20- 50 71.5
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Material?®

Pregwood P-5, parallel-ply mapla, kow
resin content
Parallel to grain
Perpendicular to grain

Pregwood P-1, parallel-ply maple,
high resin content
Parallel to grain . . . . . .
Perpendicular to grain e e e e e e
Pregwood P-7, 7-ply maple, plies alter-
nately crossed, low resin content
Four-ply direction
Three~ply direction . . . . . . . . .
Pregwood P-3, 7-ply maple, plies alter-
nately crogsed, high resin content
Four-ply direction . . . .
Three-ply direction e v e e e e
8-ply 0.0l-inch-thick blrch symmetri~
cal cross-ply construction, 39,5%
Amberlite PR-14 . ..

Iinpepr thermal

Range expansion

coefficient

(°c) | (x 107%/%c)
20- 50 4.7
20~ 50 63.5
20~ 50 5.9
20- 50 68.7
20~ 50 13.5
20~ 50 16,7
20~ 50 21,0
20~ 30 15.4

8Percentage figures are based on the weight

composition,

of the total

PPhege Pregwood materials (P-1 to P-8, inclusive) were
erroneously reported to have been prepared with birch
veneers in the NACA advance restricted report of July
1941, entitled "Properties of Reinforced Plastics and

Plastic Plywoods."



TABIE V
MEASURED AND CALCULATED VALUES FOR COEFFICIENTS OF LINEAR THERMAL EXPANSION

AND MODULUS OF ELASTICITY OF PREGWOODS

Measured values® Calculated values
Coefficient of . Coefficient of
Modulus of linear thermal Modulus of linear thermal
Material elasticity expansion for the elasticity expansion for the
in tension range 20° to 50° C in tension range 20° to 50°0
(106 1b/sq in.) (1078/%%) (108 1b/sq in.) {107¢/°0)

I. HIGH RESIN CONTENT
Parallel-Ply Material (P-1)

Parallel to grain 3.70 | 75 H S — _—
Perpendicular to grain .84 68.7 = | mmmmmmmmmmme | e

Cross-Ply Material, 7 Ply (P-3)

Parallel to 3-~ply direction 2.0L 21.0 2.07 20.5
Do.-—=-- Ueply--~-do.=—- 2.29 16.7 2.47 ) 15.0

II. LOW RESIN CONTENT
Parallel-Ply Material (P-5)

Parallel to grain 3.97 T L P
Perpendicular to grain .68 63.5 | memmmmmeee - -

Cross-Ply Material, 7 Ply (P-7)

Parallel to 3-ply direction 2.17 19.8 2.09 15.6
Do —=—mm Ueply—---d0.-— 2.52 13.5 2.56 11.4

©

@The values given for the coefficient of linear thermal expansion are those obtazined on the first »

heating cycle.
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Pigure 6.~ Thermal expansion curves for phenolic resin and glass fiber
mixtures.
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